Molecular chaperones are a diverse group of proteins that ensure proteome integrity by helping the proteins fold correctly and maintain their native state, thus preventing their misfolding and subsequent aggregation. The chaperone machinery of archaeal organisms has been thought to closely resemble that found in humans, at least in terms of constituent players. Very few studies have been ventured into system-level analysis of chaperones and their functioning in archaeal cells. In this study, we attempted such an analysis of chaperone-assisted protein folding in archaeal organisms through network approach using Picrophilus torridus as model system. The study revealed that DnaK protein of Hsp70 system acts as hub in protein-protein interaction network. However, DnaK protein was present only in a subset of archaeal organisms and absent from many archaea, especially members of Crenarchaeota phylum. Therefore, a similar network was created for another archaeal organism, Sulfolobus solfataricus, a member of Crenarchaeota. The chaperone network of S. solfataricus suggested that thermosomes played an integral part of hub proteins in archaeal organisms, where DnaK was absent. We further compared the chaperone network of archaea with that found in eukaryotic systems, by creating a similar network for Homo sapiens. In the human chaperone network, the UBC protein, a part of ubiquitination system, was the most important module, and interestingly, this system is known to be absent in archaeal organisms. Comprehensive comparison of these networks leads to several interesting conclusions regarding similarities and differences within archaeal chaperone machinery in comparison to humans.
Introduction
Knowledge of interactions between various constituent cellular molecules is a fundamental requirement for better understanding of pathways at system level (Raman 2010) . Proteinprotein interaction networks can not only help in understanding the role of individual proteins in a pathway but also often bring to fore some novel hypotheses about the cellular processes under investigation, which can be further tested in laboratories (Zak et al. 2014; Juhas et al. 2011; Zhan and Boutros 2016) . Networks can also help in identification of key and essential nodes that are driving specific biological processes or even specific characteristics in organisms such as adaptability of extremophiles. Protein-protein interaction networks mostly use data derived from experimental evidences like co-expression, gene neighborhood, gene fusion, co-occurrence, and text mining, present in various databases Pellegrini et al. 1999; Pazos and Valencia 2008) . The topological analysis of networks based on centrality statistics using measures such as degree distribution, betweenness centrality, and bottleneck score can reveal hub and essential proteins as well as modular organization of the system (Przulj et al. 2004; Yu et al. 2007; Khuri and Wuchty 2015) . Detailed analysis of such networks can additionally provide insights on robustness and efficiency of the system (Barabasi and Oltvai 2004; Sharma et al. 2012 Sharma et al. , 2013 .
Molecular chaperones appear to be central components of living cells because of their interactions with a large number of proteins, while they facilitate the acquisition of the native state structure of these target proteins. Chaperone proteins do not operate independently but often act as parts of complex functional networks of interacting molecules (Kampinga and Craig 2010) . These chaperones interact with other proteins and act as mastermind of the cells to make efficient protein folding machinery. Chaperones often act as integrators and perform a regulatory role while overlapping in other network modules (Csermely et al. 2008) . Gong et al. (2009) had performed the systematic analysis of chaperones found in Saccharomyces cerevisiae and elucidated the hot spot as well as the presence of multicomponent modules in this organism. The chaperone interaction networks for Plasmodium falciparum and its interconnection with human proteins predicted the involvement of chaperones in various cellular functions (Pavithra et al. 2007 ). However, there is no studies available vis-à-vis the organization of the chaperone machinery in archaeal organisms. It is currently believed that protein folding pathways or the proteostasis machinery of the archaeal organisms closely resembles that found in eukaryotes, rather than other prokaryotes like bacteria, at least in terms of constituent members of this system (Laksanalamai et al. 2004) . Although the structure and function of individual archaeal chaperones have been studied and compared to eukaryotic and bacterial counterparts, how multiple chaperones work together in systematic form has not been addressed yet. Network studies involving archaeal chaperones could generate novel hypothesis regarding the modularity of protein folding machinery and also throw light on the evolution of these systems from prokaryotes to eukaryotes. In the present study, we have endeavored towards this end and, here, we report some interesting observations gathered during this analysis.
A manually curated database of chaperone repertoire in archaeal genomes (CrAgDb) has been developed (http:// proteininformatics.org/mkumar/cragdb) (Rani et al. 2016) . The preliminary analysis of the CrAgDb data suggested that Picrophilus torridus was one of archaeal organisms having chaperone representatives for a maximum number of classes among all 144 organisms studied (Rani et al. 2016) . It has representatives of all chaperone families except parvulin and group I chaperonins, which are both rarely found in archaea. Therefore, we have attempted to create and analyze the protein-protein interaction network of P. torridus chaperones in the current study. This network was then compared to the similar network created for another archaea, Sulfolobus solfataricus, which is also a well-established archaeal model system (Angelov and Liebl 2006; Snijders et al. 2006; Takagi et al. 2010; Thürmer et al. 2011; Goswami et al. 2015) . Thus, in the present study, protein-protein interaction networks of chaperones from two archaeal organisms (P. torridus and S. solfataricus) have been compared and subsequently paralleled to a similar network of Homo sapiens (Eukarya). This detailed comprehensive analysis sheds new light on the similarities and differences in the modular organization of chaperone machinery in archaea as well as in Eukarya.
Materials and methodology

Construction of chaperone networks
To construct the chaperone protein-protein interaction (PPI) networks, the data related to the presence of chaperones in organisms P. torridus and S. solfataricus was derived from CrAgDb database (http://proteininformatics.org/mkumar/ cragdb) (Rani et al. 2016) . In the predicted protein-protein interactions for P. torridus and S. solfataricus, chaperones were obtained from STRING database (http://string-db.org/) (von Mering et al. 2003) . STRING database integrates the protein-protein interactions derived from various highthroughput experiments, gene neighborhood, gene fusion, co-occurrence, co-expression, and co-existence data from different databases (Rao et al. 2014) . The interactions included in our dataset were based on predictions as well as experimental data with most confident interacting partners involved. To construct the chaperone networks, the protein-protein interactions for P. torridus and S. solfataricus were retrieved with a confidence score cutoff of 0.400 (medium level). A list of human chaperones was obtained from the Human Protein Reference Database (HPRD) (http://www.hprd.org). A total of 149 chaperones were retrieved for Homo sapiens, and their protein-protein interactions were extracted from various databases like the Biological General Repository for Interaction Datasets (BioGRID) (Stark et al. 2006) , HPRD (Keshava Prasad et al. 2009 ), Molecular Interaction (MINT) (Chatr-Aryamontri et al. 2007) , and National Cancer InstitutePathway Interaction Database (NCI-PID) (Schaefer et al. 2009 ). Due to different scopes of each database, these protein interaction datasets are represented in many different formats, which make it difficult to project in a single data model capturing all necessary details on the experimental setup. This propelled a need for exchanging and integrating data to avoid secondary curation and duplication of the data. International Molecular Exchange (IMEx; available at http://www. imexconsortium.org) consortium was formed between groups of major public data providers which share curation efforts (Orchard et al. 2012) . The data is presented in Human Proteome Organization (HUPO) Proteomics Standards Initiative format (MITAB or PSI-MI XML 2.5). HUPO PSI defines community standards for data representation in proteomics to facilitate data comparison, exchange, and verification for these resources. The protein interaction for human chaperones utilized for this analysis is following the HUPO Proteomics Standard Initiative format and was manually curated and updated by the Center for Biomedical Computing (CBC) at the University of Verona, Italy (http://dp.univr.it/ laudanna/LCTST/index.html) (Scardoni et al. 2009 ). The dataset contains only experimentally known non-redundant, undirected, no-loop, physical protein-protein binary interaction dataset from all databases following HUPO PSI community standards. These interactions were then constructed into a network and visualized using the program Cytoscape (version 3.3.0), a powerful and user-friendly tool used for visualization of chaperone networks (Kohl et al. 2011; Saito et al. 2012) . Each network was considered as an undirected graph (Zhu et al. 2007) , where each node represented a protein and was connected by the interactions, known as edges although the isolated and orphan nodes were removed. The graph is called connected if the nodes are connected by edges, and the nodes which are not connected with each other are known as disconnected component as described earlier in other studies (Huang et al. 2016) .
Network topology and centrality statistics
The centrality statistics and topological properties of networks were calculated with network analyzer and CentiScaPe (Assenov et al. 2008; Scardoni et al. 2009 ). The basic topological and centrality properties such as number of nodes, edges, clustering coefficient, average number of neighbors, characteristic path length, connected components, degree of nodes, and betweenness centrality were determined for each network using Cytoscape network analyzer software (Shannon et al. 2003) . These fundamental parameters were adopted to evaluate the nodes in a network (Ran et al. 2013) . The topological properties such as node degree, betweenness centrality, and bottleneck score for chaperone interaction networks were calculated. The proteins (nodes) showing high betweenness centrality and bottleneck scores were termed as hub and essential nodes. The hub proteins in a network are known to play a central role, and it has been indicated in earlier studies that these may also be evolutionarily conserved (Wuchty and Almaas 2005) .
Network modules
It was well established through a multitude of earlier studies that the biological networks are scale free and these scale-free networks comprised different modules lacking well-defined boundaries (Hartwell et al. 1999) . The node degree of a scale-free network follows a power law, which means these networks were robust against random perturbations (Hu et al. 2016) . These interconnected modules often work in cooperation to accomplish cellular processes. In protein-protein interaction networks, a majority of proteins are known to carry out more than one function and can belong to more than one protein complex (Kühner et al. 2009 ). The disjoint modules can be called as non-overlapping modules and correspond to functional units, whereas modules expressing coordination with other modules in the entire system are called as overlapping modules. Community centrality measured in networks identified the most central proteins (core) in modules in protein-protein interaction networks, and core proteins of the modules were known to be important for characterization of the molecular function of the network modules (Kovács et al. 2010) .
In the present study, ModuLand framework has been used to identify overlapping modules in the network (Szalay-Beko et al. 2011) , and the algorithms were based on the local maxima-based gradient hill method by means of a calculation-based function approach of LinkLand algorithm (Szalay-Beko et al. 2012) . Community centrality landscape (local maxima-based hill determination) was measured to identify overlapping modules, and each node of the network was assigned to modules based on their participation in modules. Overlap values for nodes revealed the number of modules to which they were assigned, and high bridgeness values for nodes showed a larger overlap between many diverse module pairs.
Gene ontology of chaperones
Gene ontological data were mapped to nodes (proteins) in the network using the Biological Networks Gene Ontology tool (BiNGO) plugin (Maere et al. 2005) . Gene ontology analysis of a network annotated each node with its known biological processes, molecular function, and cellular components where it functions. Putting all such relevant information together in terms of network can certainly help the researchers identify all components and functional relevance of this complex machinery.
Results
Network analysis of chaperones from P. torridus
The preliminary analysis of the Picrophilus torridus genome suggested the presence of genes from all major chaperone families found in archaea. A total of 19 chaperones have been identified in the P. torridus genome through CrAgDb database (http://proteininformatics.org/mkumar/cragdb). The detailed list of all 19 chaperones with chaperone name, accession no. , locus tag, amino acid length, molecular weight, and isoelectric point (pI) is presented in Table 1 . To analyze the functional associations between various chaperones of P. torridus, first, only the chaperone-chaperone interaction network (seed network) was created. The seed network created among these 19 chaperones revealed that all chaperones interact with each other except CsaA and Lon-2 (Fig. 1) . This seed network of 19 nodes has 27 edges representing the interactions between various chaperones. The average clustering coefficient of this network was 0.0652. The chaperone network showed that chaperone proteins (DnaK, DnaJ, GrpE), thermosomes (Thsα, Thsβ), and nascent polypeptideassociated complex (NAC) were connected with a higher number of nodes, pointing towards their pivotal role in the protein folding machinery of P. torridus.
In the next step, first-order interaction network was created by obtaining interacting protein partners for 19 P. torridus chaperones from STRING database (Fig. 2a) (Table 2) . Among these top seven, the chaperone protein DnaK was connected with the highest number of other nodes in the network, suggesting that DnaK acts as a hub protein in this network. The chaperone protein DnaK stands out to be exclusive, since it had the highest degree, highest betweenness value, and highest bottleneck score as compared to other chaperones. Thus, DnaK was expected to act as a central protein that has a number of interconnection with all the chaperones and non-chaperone proteins in the P. torridus network. Except for the DnaK chaperone, all other proteins exhibiting high degree are non-chaperone proteins such as ribosome assembly proteins. However, in case of betweenness centrality and bottleneck scores, various other chaperones demonstrated similar distribution as that of DnaK. This inferred about higher importance of chaperones in maintaining P. torridus cellular machinery by regulating some crucial biological processes discussed later.
The molecular functional analysis of P. torridus genes through gene ontology (GO) terminology suggested that most of the proteins of this network were involved in biological processes related to binding, nucleic acid binding, structural constituents of ribosome, structural molecular activity, RNA binding, protein binding, antioxidant activity, oxidoreductase activity, unfolded protein binding, glucosidase activity, and transfer RNA (tRNA) binding with significant e values (Fig. 2b) . Forty-eight percent of proteins in the P. torridus chaperone network exhibited molecular function related to binding (GO ID: 0005488) with a p value of 0.003 Table 1 ). The results reiterated that the proteins of this network were largely involved in protein folding. The function related to nucleic acid binding (GO ID: 0003676) covers 22% of proteins with a significant e value of 2.84e−05. The essential proteins such as DnaK, GrpE, and thermosome with high bottleneck and betweenness values were involved in the function related to unfolded protein binding (GO ID: 0051082) with a significant p value of 0.053648. The hub nodes (proteins with a high number of interactions (degree)) of P. torridus networks were largely involved in the constituent assembly of ribosome, nucleic acid binding.
The modular analysis of chaperone networks was also performed to identify the functionally important proteins that cluster together. The current network exhibited modular organization and was decomposed into six overlapping modules. Each module was identified by the name of the most prominent protein. Five of these are well-annotated chaperones (DnaK, CsaA, prefoldin B, Lon, and FKBP), while the sixth protein was a hypothetical protein (labeled as HP). The DnaK protein appeared to be the hub protein in the first and most prominent module of this network, which was called as the central overlapping module of the network. The core nodes (nodes with maximum assignment value) of Table 3 .
The core node of the first module, DnaK, from the interaction network indicated extensive interactions with smaller and larger subunits of ribosomal proteins. The protein parts of module 1 were rps7p, rpl2p, rps5p, rps11p, rps12p, rps13p, rpl15e, rpl37ae, and rpl23p. The interaction with these ribosomal proteins indicated that DnaK acts as a chaperone protein that may make contact with newly synthesized polypeptide chains, since it had a large number of interactions with the proteins of the translation machinery. The central module of the network, DnaK module, showed high overlapping values with other modules and dominates the whole network. The proteins participating in DnaK module show molecular functions (GO terms) mainly related to structural constituents of ribosome, structural molecule activity, and RNA binding. Table 3 reveals that CsaA (PTO0409) was a hub protein for the second module, which was interacting with the highest number of other nodes in the network, second to DnaK. Prefoldin β (PTO1008) was a hub protein of the third module which was composed of 90 proteins. The core proteins of this module were mainly involved in molecular functions (GO terms) related to metabolic processes such as transferase activity and unfolded protein binding. In the fourth module, a hypothetical protein (PTO0619) acted as the hub protein. This module was composed of 34 proteins, a majority of which showed molecular function (GO terms) related to nucleotide binding and involved in amino acid metabolism. This hypothetical protein contains a single ACT domain (ACT The table provides information on the number of nodes present in each module with module size, which is the sum of module assignment values superfamily, CDD accession ID: cl09141). The ACT domains are known to regulate the enzymes via specific binding of an amino acid or other small ligands. This domain has been reported in a variety of proteins involved in amino acid biosynthesis, phenylalanine hydroxylation, regulation of bacterial metabolism, and transcription. Several proteins are known to have a single, double, or even four ACT domain repeats. This hypothetical protein does not appear to have a homolog in either bacteria or eukaryotes as deduced from similarity searches using BLAST. It appears to be an archaea-specific protein found only in organisms of Euryarchaeota phylum but totally absent in Crenarchaeota phylum of archaeal domain. It is possible that this protein could have hitherto unknown chaperone-like function, which needs to be validated through wet lab studies. The module with the fifth largest density of internal connections had Lon (PTO1235) as the hub protein.
The core proteins of this modules showed functionality related with binding a variety of biological molecules such as DNA, ATP, metal, and proteins. Lon may act as a regulator of transcription factors, due to its interaction with transcription factor regulator proteins. FKBP (PTO0328) was the hub protein in the sixth and the smallest module, which was composed of 26 different proteins. The molecular functional analysis of this module suggested the involvement of FKBP in sugar metabolism along with other proteins showing functions related to metal binding, transporter activity, and co-enzyme binding (Table 3) . The overall analysis thus suggested that DnaK protein forms the major hub of chaperone-related activities in P. torridus, which is in agreement to the observations from previously studied bacterial organisms (Calloni et al. 2012 ). However, this observation cannot be generalized for the whole archaeal kingdom. The DnaK protein was present in all the bacterial and eukaryotic organisms, but this important class of chaperones was known to be absent from a substantial number of archaeal organisms. Therefore, it becomes imperative to study the chaperone-chaperone and chaperone-protein interactions in another archaeal model system where DnaK was absent. We, therefore, selected another archaeal organism, Sulfolobus solfataricus from Crenarchaeota phylum, as a model system to understand the chaperone organization and functioning in this scenario.
Network analysis of chaperones from S. solfataricus
CrAgDb analysis identified 22 chaperones in the genome of S. solfataricus. Table 4 lists all these 22 chaperones with chaperone name, accession no., locus tag, amino acid length, molecular weight, and pI. Although the total number of chaperone proteins used to create this chaperone network for S. solfataricus was higher than that present in P. torridus, it was only because there were multiple paralogs in a single chaperone family whereas several chaperone classes are totally absent from S. solfataricus. These chaperones were then used as seed proteins for creating the chaperone interaction network using a methodology similar to that used for P. torridus. All the chaperone proteins of S. solfataricus appeared to be interconnected with each other, the 22 nodes of the network being extensively interconnected with 83 edges (Fig. 3) . The clustering coefficient of chaperone-chaperone interaction networks was calculated to be 0.280 with the average numbers of neighbors being 7.2. The size of the nodes in Fig. 3 was correlated to higher values of degree for each protein. Figure 4a represents a first-order network for S. solfataricus chaperones with their interacting partners, created using the data extracted from STRING database. The map was composed of 345 nodes connected by 908 links, with the clustering coefficient of 0.069. The average number of neighbors in this network was 5.15. The size of the nodes (Fig. 4a) was proportional to the degree of interactions. From Fig. 4a , it was evident that thermosomes, prefoldins, thioredoxin, and AAA + ATPases appeared to be nodes with highest values of degree. This network also revealed that thsA, thsB, and thsC (three paralogs of thermosomes) were hub nodes, which were connected with the highest number of other nodes. Few other chaperones, like ATPases, also exhibited similar values of degree to those of thermosomes, suggesting that most chaperones interact with a more or less similar number of partners and, therefore, the burden of protein folding appears to be equally divided among all constituent chaperones in S. solfataricus. The chaperone protein thermosome was the central node of S. solfataricus network, since it exhibited a highest degree. These hub proteins (thermosomes) also showed highest bottleneck scores, suggesting that this chaperone played an essential role in information transfer.
The gene ontology analysis of constituents of this network showed that the proteins were involved in a variety of molecular functions such as oxidoreductase activity, nucleoside binding, purine nucleotide binding, antioxidant activity, dihydrolipoyl dehydrogenase activity, DNA-directed RNA polymerase activity, ribonucleotide binding, ligase activity, and ATP binding (Fig. 4b) . The analysis revealed that 24% of proteins were involved in nucleotide binding (GO ID: 0000166) with a significant e value of 0.00415. The majority of proteins including one of the major hubs, thsA in S. solfataricus network, showed molecular function related to ligase activity, forming aminoacyl-tRNA and related compounds (GO ID: 0016876, p value = 0.006054). The major functions of network components were enriched in purine nucleotide binding (GO ID: 0017076, p value = 5.14e−04) and ATP binding (GO ID: 0005524, p value = 0.008739). The biological processes of S. solfataricus network components were mainly related to translation (GO ID: 0006412, p value = 0.00132152) and cellular homeostasis (GO ID: 0019725, p value = 5.15e−07) (Supplementary Table 2 ). The thsA proteins were involved in a large number of biological processes. The seed proteins thsA, thsB, thsC, pan, trxA-1, trxA-2, prefoldin (pfdA and pfdB), and ATPaseAAA revealed a higher number of interactions among themselves as compared to those seen in the case of network from P. torridus. From the topology and centrality analysis, it was inferred that proteins thsA, thsB, thsC, pan, trxA-1, trxA-2, prefoldin (pfdA and pfdB), and ATPaseAAA had the highest degree, the betweenness centrality, and the bottleneck score in S. solfataricus network ( Table 5) .
The modular analysis was performed for S. solfataricus network which predicted two overlapping modules based on the numbers of edges present in the cluster, where one module was covering most of the nodes of network, while the second was composed of only a few nodes. For the first module, pfdA which acted as hub protein showed high overlapping values and was connected with 338 proteins, which dominated the whole network. The well-connected nodes of pfdA were also chaperone proteins that together composed the whole protein folding machinery of the archaeal organisms. The high bottleneck values also signified their importance in the protein folding machinery. The other module had FKBP as the hub protein, connected with 297 different proteins. Ten central proteins participating in each module showed interactions with highly conserved proteins such as RRP42 and rps19e as listed in Table 6 , which played an essential role in RNA degradation pathways and large ribosomal subunit rRNA binding, respectively.
Thus, the chaperone networks from both the archaeal organisms exhibited significant differences. Could either of these act as a representative for the eukaryotic counterparts remained to be explored. We, therefore, chose to create a network for human chaperones in the next step. 
Network analysis of chaperones from humans
Human chaperone proteins were retrieved from HPRD, and their interactions were obtained through various databases listed in BMaterials and methodology^section. A total of 149 chaperones were identified, performing a wide variety of molecular function mainly related protein folding, stress response, assistance in protein degradation, and transport across membrane. The interaction network of human chaperones (seed network) was composed of 82 chaperone proteins linked with 387 edges showing scale-free topology and small-world property (Fig. 5) . The disconnected component of the network was comprised of 67 proteins linked with six edges. The human chaperone network exhibited a clustering coefficient of 0.503 with an average number of neighbors being 9.439 and the characteristic path length of 2.
To better understand the importance of chaperone proteins and their interacting partners in human proteome, the protein- Fig. 4 a First-order chaperone interaction network of chaperone proteins from S. solfataricus. Chaperone proteins of the network are shown in square shape. The interactome as visualized from higher degree nodes to lower degree nodes is graded in colors from blue to orange, respectively. b Molecular functions assigned to the first-order chaperone network of S. solfataricus with the significant p values and percentage of genes involved protein interaction network of 149 human chaperones was constructed, which was composed of 3675 proteins and showed 140,953 interactions among them (Fig. 6a) . This network showed a scale-free and small-world property following the paradigm of real-world networks. The clustering coefficient (0.366) of proteins in first-order human chaperone network showed lower capacity of creating tightly knit groups characterized by a relatively high density of links as compared with the seed network of human chaperones. Evaluation of the network suggested that the chaperone proteins HSPA5, HSPA8, and HSP90AA1 were highly connected with other chaperones and, therefore, act as hub proteins of the networks. Putatively important proteins of first-order interaction networks of human chaperones were detected on the basis of highest degree nodes, betweenness centrality, and bottleneck scores, and it provided information about the core skeleton of the network. Table 7 depicts that the nodes of proteins polyubiquitin-C, HSP90AA1, SUMO2, ELAVL1, HSPA5, and HSPA8 had the highest values of these topological characteristics. These nodes may act as essential proteins and would be responsible for maintaining the interaction and information flow through the network.
The first-order human chaperone interaction network contained 12.08% of proteins showing molecular function (as GO terms) related to transcription regulator activity with pvalues of 1.90e−05, and 7.07% of proteins were predicted to be involved in receptor binding with a p value of 2.37e−02. The hubs and essential nodes in this network were comprised of heat shock proteins (HSP90AA1, HSPA1, HSPA8), eukaryotic translation factor (EEF1A1), and proteins performing post-translational modifications (SUMO1, SUMO2) for transcriptional regulation, stress response, and protein stability. The molecular function assigned to core nodes of modules shows function related to unfolded protein binding (GO ID: 51082, p value = 1.19e−03) and transporter activity. The core nodes of the modules showed heterogeneous molecular function, indicating that many proteins with different molecular functions interacted in this case. About 41.5% of the proteins in network showed molecular function related to catalytic activity (GO ID: 3824, p value = 1.1515e−27), and 16.7% showed function related to transferase activity (GO ID: 16740, p value = 3.60e−33) and transcription regulator activity (GO ID: 30528, p value = 1.90e−05) (Supplementary Table 3 ). The proteins were also involved in function related to heat shock-binding proteins and phosphatase binding (Fig. 6b) .
The modular organization of the first-order network predicted eight overlapping modules with a core module containing interconnected hub nodes, indicating swift transmission of information across proteins. The first module had UBC as the hub protein, a polyubiquitin-C protein involved in protease binding and RNA binding, linked with the highest number of nodes (3672). The second module had TUBA1A as the hub and has 3660 interconnections. The next module, named CCT5 after its hub node, was made up of 3642 nodes. The hub protein for the next module was RAN (involved in transcriptional regulation process), with a total number of nodes being 3635, which were involved in the process. The fifth module had chaperonin protein HSPD1as the hub protein. SRRM2 proteins were predicted as the hub for the sixth module and involved in the transcriptional activation of the molecules having a number of 3616 nodes. The seventh module had VCAM1 as the hub protein and was involved mainly in the process of signal transduction. The last and the eighth module was having CTNNB1, a catenin beta-1 protein, as the hub protein that is an important component of the signaling pathway. The hub chaperone proteins contain members of HspA and CCT family in the chaperone-chaperone network showing molecular function related to de novo post-translational protein folding, protein refolding, and chaperone-mediated protein complex assembly (Table 8) .
Comparison of the three chaperone networks
The analysis of chaperone networks from P. torridus, S. solfataricus, and H. sapiens revealed that there are 14 chaperone proteins that were common in the protein folding machinery of P. torridus and H. sapiens whereas nine were shared between S. solfataricus and H. sapiens (Table 9 ). The chaperone classes represented in the P. torridus genome are larger as compared to those found in S. solfataricus. The homologs of chaperones DnaK, DnaJ, GrpE, NAC, and Lon were absent in S. solfataricus. Thus, the chaperone repertoire of P. torridus was closer to that found in H. sapiens than that shared between S. solfataricus and H. sapiens. The global centrality statistics of chaperone networks of P. torridus, S. solfataricus, and H. sapiens are compared in Table 10 . The number of interacting proteins in human network was much higher (about ten times) than in case of archaea. Consequently, the numbers of interactions in the complex human proteome are also many times higher than those predicted for P. torridus. This is also reflected in the values for an average number of neighbors, which was highest for human network, suggesting that each node or protein interacted with a larger number of proteins in case of humans than in archaeal organisms. The average number of neighbors for the S. solfataricus networks was even smaller than that found for the P. torridus network. The centrality statistics of chaperone networks revealed that the average clustering coefficient value of P. torridus, S. solfataricus, and H. sapiens are 0.0652, 0.069, and 0.366, respectively, which was again significantly higher in case of humans than in archaea, suggesting that proteins in case of human network tend to cluster together to form modules. This possibly helps in efficiently managing a multitude of different biological processes. Shorter path lengths as seen in case of human network also signify a more efficient information transfer between various nodes. However, network density was highest in P. torridus, meaning that this network actually makes a larger number of connections out of total possible connections than the other two networks (S. solfataricus and H. sapiens).
The P. torridus network was composed of six overlapping modules, whereas the S. solfataricus network contained only two modules. In the P. torridus networks, the core modules in the network were chaperones such as DnaK, CsaA, prefoldin β, hypothetical protein, Lon, and FKBP. Thus, DnaK and CsaA were the two biggest interactors and it is an interesting observation because both DnaK and CsaA are absent in S. solfataricus. The S. solfataricus network shows prefoldin α and FKBP as hub proteins of two overlapping modules. In this case, both proteins appear to be equally important, unlike in case of P. torridus, where DnaK tends to dominate the The table provides information on the number of nodes present in each module with module size, which is the sum of module assignment values. The central node of module has the maximum assignment value Fig. 6 a First-order chaperone interaction network of chaperone proteins from H. sapiens. b Molecular functions assigned to the first-order chaperone network of H. sapiens with the significant p values and percentage of genes involved whole network as the hub protein. The Homo sapiens network was composed of a total of eight overlapping modules named UBC, TUBA1A, CCT5, RAN, HSPD1, SRRM2, VCAM1, and CTNNB1. The centrality statistics show that the UBC module was one of the most important modules of the human chaperone network system.
Discussion
The network analysis of chaperone molecules was essential to rebuild intermolecular contacts, recognize potential interaction partners in different modules, as well as identify the hub and essential proteins of this machinery. The combined analysis of such chaperone networks from Picrophilus torridus and Sulfolobus solfataricus in comparison to the network from Homo sapiens highlighted important differences in these machineries. It had been established previously that larger varieties of chaperones were found in organisms of phylum Euryarchaeota as compared to Crenarchaeota, as also evident from CrAgDb (Rani et al. 2016) . However, the archaeal organisms are currently not as widely studied as their bacterial and eukaryotic counterparts, leading to lacunae in information required to create robust networks, which may eventually affect the biological significance of such networks. However, STRING database represents the most current and updated form of protein interaction data available. Protein interactions are inferred using various techniques such as physical binding or functional associations. There can be quirks in applicability, false positives, false negatives, etc., in each inference technique, which may result in some noisy observations. STRING assigns a confidence score between zero and one to each interaction, based on the available evidences. This score is based on different parameters such as in-house prediction of functional protein association and homology transfers. It also takes into account several other updated and maintained databases. In the present study, the data obtained for S. solfataricus and P. torridus from STRING database is with a confidence score of 0.400 which can be considered as optimal, keeping in view the small proteome of these organisms and fewer evidenced supporting information (Szklarczyk et al. 2017) . It was evident that the chaperone DnaK functions as a central hub in the chaperone network of P. torridus, showing a vast number of interactions with other proteins. Jeong et al. (2001) suggested that proteins connected with a larger number of proteins (hub proteins) were more significant in the network than the proteins showing a lesser number of interactions. The nodes that have higher degree values have been considered to play a central role in the network (Vallabhajosyula et al. 2009 ). It has also been shown that the connected hubs are of higher functional importance (He and Zhang 2006) . Interestingly, DnaK has been reported to function as a central organizer of the chaperone networks in some earlier studies also, for example in Escherichia coli (Deuerling et al. 2003) . In fact, experimental studies have also revealed that DnaK interacts with ribosomal proteins and other common proteins, if there was loss of trigger factor (TF) in bacteria. The combined loss of DnaK and TF resulted in ribosomal degradation, defective functions of other chaperone proteins, misfolding, and aggregation of a large number of proteins in E. coli (Calloni et al. 2012 ). However, DnaK was shown to be absent in hyperthermophilic archaea, several mesophilic and thermophilic archaea, and especially, members of the Crenarchaeota (Macario and Conway de Macario 1999; Laksanalamai et al. 2004) . The CrAgDb database also corroborates this earlier observation (Rani et al. 2016) . Considering the diversity of biological functions that have been described to DnaK (Craig et al. 1993) , it would be interesting to explore what other proteins can fulfill these functions in Crenarchaea. Only in one case, Haloferax volcanii, it has been shown that DnaK was not essential and dnaK mutant shows no obvious stress phenotype . We, therefore, explored further by creating a network for an archaeal organism from Crenarchaeota phylum. Our interactomic analysis at system level shows that ubiquitous chaperone, the thermosomes (chaperonins of group II), functions as a central hub in the S. solfataricus network with a large number of interactions. Interestingly, it has previously been reported in bacteria that other components, particularly Hsp60s, could make up for the absence of Hsp70 (Bukau and Horwich 1998) . In fact, overproduction of GroEL and GroES (the two proteins of Hsp60 in bacteria) has been shown to compensate for the loss of DnaK in E. coli (Vorderwülbecke et al. 2004 ).
The topological analysis based on centrality statistics, degree distribution, betweenness centrality measures, and bottleneck score revealed hub and essential chaperone proteins that may act as an important component of the protein folding machinery. The proteins with higher betweenness centrality were considered to be essential. The strong relationship has been observed between the essentiality and betweenness values in earlier studies (Joy et al. 2005) . Various researchers have earlier reported the importance of bottleneck nodes in the protein-protein interaction network, and their correlation with protein essentiality was highly important (Przulj et al. 2004; Yu et al. 2007) . Several researches have already demonstrated the importance and essentiality of bottleneck nodes in proteinprotein interaction networks (Przulj et al. 2004; Yu et al. 2007 ). The characteristic path length and clustering coefficient demonstrate a small-world property of the network, whereas the nodes can be connected with each other through a small number of steps. The P. torridus and S. solfataricus demonstrated relatively similar average clustering coefficient indicating similarity in tendency of proteins in the networks to cluster together. However, the network heterogeneity of S. solfataricus is considerably higher than that of P. torridus. The P. torridus network shows higher degrees as compared to the chaperone networks of S. solfataricus. Betweenness centrality measure is higher for S. solfataricus as compared with P. torridus. Smaller betweenness centrality values of the P. torridus network indicate slower informational flow across its modules in stressed state that P. torridus may encounter due to highly extremophile conditions (Mihalik and Csermely 2011) .
The networks presented in this paper provide valuable clues to chaperone function with GO analysis of proteins involved in the networks of P. torridus, S. solfataricus, and Homo sapiens. The networks analysis showed that the chaperone proteins of these organisms were mostly involved in molecular functions such as interacting with ribosomes and nucleic acid-binding proteins, ATP binding, transcriptional regulator activity stress response, and protein stability which signify that they are involved in protein folding and DNA repair activities when the cells are under stress.
The P. torridus network was composed of six overlapping modules. The DnaK and CsaA were two hub modules, and it was interesting to see this because both DnaK and CsaA were absent in S. solfataricus. The S. solfataricus network shows prefoldin α and FKBP as hub proteins of the two predicted modules. Prefoldin α is essentially needed to restrain The table provides information on the number of nodes present in each module with module size, which is the sum of module assignment values. The central node of module has the maximum assignment value denatured protein from aggregation, helping to maintain cellular viability under stress conditions, whereas FKBPs are known to speed up the folding of intracellular proteins in thermophilic organisms and may have a similar role in S. solfataricus (Ideno and Maruyama 2002) . The two modules computed are governing the network and may be needed to contribute significantly to S. solfataricus in the maintenance of cellular machinery in order to perform other important indispensable functions. The Homo sapiens network was composed of a total of eight overlapping modules. The central hub of the Homo sapiens network was the ubiquitin protein UBC. The UBC protein was related to the ubiquitination system, which is totally absent from archaeal organisms. In fact, the ubiquitin system is unique to eukaryotes and is thought to target proteins for degradation, suggesting that eukaryotic cells may have evolved to prioritize the process of degradation and removal of incorrectly folded proteins over and above the elemental protein folding process.
Conclusions
This chaperone network analysis study holds the key for understanding the association between various chaperones, helping to gain insights into the protein folding mechanism in the archaeal organisms. Our findings predicted that DnaK functions as a central hub in organisms where Hsp70 machinery was also present, which is similar to what has been seen earlier in case of E. coli, whereas in organisms of Crenarchaeota phylum, where DnaK protein was absent, other chaperones like thermosomes and other prefoldins act as central organizers. The modular organization of the two networks was thus different. In cases where DnaK was not present, all other chaperone constituents appear to be equally important in contrast to the monopoly exerted by DnaK in controlling proteostasis machinery of P. torridus. Most interestingly, neither of archaeal organisms matches the modular organization predicted for the human network. The two hub proteins predicted for the human network were part of the ubiquitination and Hsp90 systems, both of these systems are absent from all archaea. Finally, our analysis provides a theoretical basis for further experiments that can be designed for furthering the understanding of involvement of DnaK, thermosomes, and prefoldin genes in controlling the archaeal protein folding machinery. One novel hypothetical protein has been predicted to be the central protein of one of the six modules found in P. torridus. Whether this protein is a novel type of chaperone also remains to be validated. We believe that the chaperone networks would contribute to archaeal exploitation to extreme environmental conditions and might provide an insight into the evolution of complex protein folding machinery of the eukaryotic systems. 
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Network Glossary
where L(n,m) is the length of the shortest path between two nodes (n and m). The closeness centrality of each node is a number between 0 and 1.
Average path length
Average path length is defined as the mean value of all shortest paths between all pairs of nodes. It is one of the most robust measures of topology of network and calculates the efficiency of flow of information. It indicates the expected distance between two connected nodes and is also known as the characteristic path length (Doncheva et al. 2012 ). BC n = ∑ s ǂn ǂt (σ st (n)) / σ st where σ st is the number of shortest path between nodes s and t and σ st (n) is the number of paths that pass through node n. Thus, the betweenness centrality of each node is a number between 0 and 1 (Yoon et al. 2006) . Betweenness centrality (BC) Betweenness centrality is an important global centrality measure which provides information about the core skeleton and suggests the node's importance to the network. The betweenness centrality BC n of a node is defined as the number of shortest paths between every two other nodes in the network that pass through the node. Centrality Centrality is a measure of how many connections one node has to other nodes. Closeness centrality (CC) Defined as a measure of degree to which a node is near to all other nodes in the network and inverse of farness. It provides information on a measure of how long it will take to spread information from one particular node. The closeness centrality CC n of a node n is the reciprocal of the average shortest path length. Clustering coefficient Clustering coefficient is defined as a measure of degree to which a node tends to cluster together and estimates how densely a node is connected to its neighbors. In undirected networks, clustering coefficient C n of node is defined as C n = 2e n / (k n (k n − 1)) where k n is the number of degree of node and e n is the number of connected pairs between all neighbors of n. The clustering coefficient of a node is always a number between 0 and 1 (Ravasz et al. 2002) .
Connected component
Defined as the nodes of a network that are pairwise connected with each other. The number of connected components is an indicator of the global connectivity of a network. Degree distribution Degree is defined as the number of proteins that have a certain number of connections to other nodes in the network. The relative degree distribution is the probability distribution of these degrees over the whole network. The degree (K) of a node is the number of links (L) (interactions) associated with node, and the average degree (K) can be calculated as 2L / N. Degree distribution is a probability distribution of the connection (degrees) that nodes have in a network (Ran et al. 2013) Edges Edges are defined as the ties or connections between the nodes. Hubs
Highly connected nodes having a significant and larger number of interacting partners than others are called hubs (He et al. 2006 ). Modules (clusters) Scale-free networks are composed of modular structures. The nodes that are highly connected and form different modules are likely to be functionally related to each other. Modular design is the critical aspect of the robustness of any network (Newman 2006) . Network diameter Defined as the measure of the maximum length of the shortest path between two nodes in the whole network. It indicates the size of the network (Doncheva et al. 2012 ). Nodes Nodes can be defined as the number of proteins present in a network. Protein interaction maps consisted of a set of N nodes and various links among them.
Shortest path length
Shortest path length is defined as the shortest possible distance between two nodes in a network (Watts and Strogatz 1998) .
